We present the first CCD variability study of the Draco dwarf spheroidal galaxy. The data were obtained with the FLWO 1.2 m telescope on 22 nights, over a period of 10 months, covering a 22 ′ × 22 ′ field centered at α = 17 :19 : 57.5, δ = 57 : 50 : 05, J2000.0. The analysis of the BV I images produced 163 variable stars, 146 of which were RR Lyrae: 123 RRab, 16 RRc, 6 RRd and one RR12. The other variables include a SX Phe star, four anomalous Cepheids and a field eclipsing binary. Using the short distance scale statistical parallax calibration of Gould & Popowski and 94 RRab stars from our field, we obtain a distance modulus of (m − M) 0 = 19.40 ± 0.02 (stat) ± 0.15 (syst) mag for Draco, corresponding to a distance of 75.8 ±0.7 (stat) ± 5.4 (syst) kpc. By comparing the spread in magnitudes of RRab stars in B, V and I, we find no evidence for internal dust in the Draco dwarf spheroidal galaxy.
Introduction
Dwarf spheroidal (dSph) galaxies are probably the most common types of galaxies in the present-day Universe. They are metal poor galaxies with a metallicity Z < 0.001 (Mateo 1998) , which resembles that found in galactic globular clusters. Most dSph galaxies show evidence for multiple star-formation episodes, having populations of different ages. There are very few, namely Tucana, Draco and possibly Ursa Minor, that host a single stellar population older than 10 Gyr (see Dall'Ora et al. 2003 , and references therein).
The Draco dSph galaxy, a companion to the Milky Way, was discovered by Wilson (1955) and was first observed by Baade & Swope (1961) for variables. They found 261 variables in their 24
′ × 24 ′ field, but only measured 137 for magnitudes. Of these, 133 were RR Lyrae variables, which they used to derive the distance to the galaxy. There have not been any recent variability studies of Draco, except for the survey by Kinemuchi et al. (2002) which is currently underway. The lack of high quality CCD observations of the RR Lyrae in Draco dSph motivated us to do this project.
However, several studies of Draco's stellar population have been conducted and for these CCD photometry has been obtained. Grillmair et al. (1998) present the CMD diagram obtained from observations with the Hubble Space Telescope (HST) and confirm that star formation in Draco was primarily single-epoch and that Draco is very similar to the globular clusters M68 and M92, but 1.6 Gyr older. It has a luminosity of 2 × 10 5 L ⊙ , which places it among the least luminous galaxies known. Bellazzini et al. (2002) have done a comparative study of the Draco and Ursa Minor dSph galaxies with new V, I photometry. Recently, Rave et al. (2003) have released a catalog of photometry of ∼ 5, 600 stars in Draco. They find 142 candidate variables from their colors, using photometry from five catalogs. However, a uniform dataset taken with the same instrument would be more reliable for finding RR Lyrae and obtaining accurate photometry and periods for them.
In this paper, we present a catalog of variable stars found in Draco dSph. The paper is organized as follows: §2 provides a description of the observations; the data reduction procedure, calibration and astrometry is outlined in §3; the catalog of variable stars is presented in §4. In §5 we determine the distance to Draco and in §6 we summarize our results.
Observations
The observations of the Draco dSph were made with the 1.2m telescope at the Fred Lawrence Whipple Observatory on Mount Hopkins, Arizona, between August 19th, 1998 and June 20th, 1999 , over 22 nights. We used the "4Shooter" camera (Szentgyorgyi et al. 2003) , with 4 thinned and AR-coated Loral 2048 2 pixel CCDs. The pixels are 15 microns in size and map to 0.33 ′′ per pixel on the focal plane, making each image 11 ′ on the side. The camera was centered at α = 17:19:57.5, δ = 57:50:05, J2000.0. The data consists of 148 × 600 s exposures in the V filter, 44 × 900 s exposures in the B filter and 47 × 600 s exposures in the I filter. The median value of the seeing in V was 2.0 ′′ . The field was observed through airmasses ranging from 1.12 to 1.55, with the median being 1.19. The completeness of our photometry starts to drop rapidly at about 22.5 in I and 23 mag in V and B. The CCDs saturate for stars brighter than 14 in I, 15 in V and 15.5 mag in B. On one photometric night of the run, several images of standard Landolt (1992) fields were taken.
Data Reduction, Calibration and Astrometry
Preliminary processing of the data was performed with standard routines in the IRAF 1 CCDPROC package. The differential photometry for the variable stars was extracted using the ISIS image subtraction package (Alard & Lupton 1998; Alard 2000) from the V -band data. The DAOPHOT/ALLSTAR package (Stetson 1987) was used for the conversion into magnitudes. Mochejska et al. (2001) describe the procedure in detail.
On August 31st, 1998, we observed 2 sets of 3 Landolt (1992) fields in the BV I filters at air masses ranging from 1.18 to 1.99. The transformation from the instrumental to the standard system was derived for each chip in the following form:
where lowercase letters correspond to the instrumental magnitudes, uppercase letters to standard magnitudes, X is the airmass, χ is the zeropoint, ξ the color and κ the airmass coefficient. Since most of the color coefficients are small, we used B − V = V − I = 1 when transforming the magnitudes of our stars. Note that the B-band coefficients are larger, therefore our B magnitudes for red stars may be off by 0.1 mag or 0.2 mag (in chip 2), in the worst case. Stetson (2000) has calibrated ∼ 400 stars in the Draco dSph as secondary standards. In chips 3 and 4, where our overlap was large, we normalized to his photometry using the brightest 80 stars (to 19.5 mag) and 66 stars (to 20th mag) respectively to determine the offsets in V . The difference between his photometry and ours in these chips was 0.04 and 0.02 mag. In chips 1 and 2 the overlap was too small for a meaningful comparison, thus we kept our own photometry. We then compared our normalized V photometry in chips 3 and 4 with the photometry of Grillmair et al. (1998) from the HST . For 100 stars down to 19 mag, the differences between their photometry and ours were 0.06 and 0.03 mag. Bellazzini et al. (2002) have obtained (V, I) photometry of the field and the agreement with our photometry is good, the largest offset being 0.07 mag in chip 3, V -band.
Equatorial coordinates were determined for the V star list. The transformation from rectangular to equatorial coordinates was derived using for chips 1-4: 174, 146, 400 and 282 transformation stars respectively with V < 20 from the USNO-A2.0 (Monet 1996) catalog. The median difference between the catalog and the computed coordinates for the transformation stars was 0.
′′ 3 in RA and 0. ′′ 3 in Dec. We also compared the astrometry to Stetson's catalog and found 18, 4, 272 and 151 matches for chips 1-4, having a median offset < 0.
′′ 2. We use these derived J2000.0 equatorial coordinates to name the variables in the format: Dracohhmmss.s+ddmmss.s. The first three fields (hhmmss.s) correspond to RA expressed in hours, the last three (ddmmss.s) to Dec, expressed in degrees, separated by the declination sign.
Results
Our search for variables in our field in Draco produced 163 stars, 136 of which were previously identified by Baade & Swope (1961) . The remaining 27 are new discoveries. Of these 163 stars, 146 are RR Lyrae, 4 are anomalous Cepheids and the remaining 13 are other long period or non-periodic variables. We found a new field eclipsing binary and a SX Phe star among these. Of the 146 RR Lyrae, 123 are fundamental mode pulsators (RRab), 16 are first overtone pulsators (RRc), 6 are double-mode pulsators (RRd) and one is pulsating in the first and second overtone (RR12). Figures 1, 2 and 3 show typical light curves of RR Lyrae and other variables found in Draco. Tables 1 and 2 present coordinates, periods, intensity averaged BV I magnitudes, V -band amplitudes, the type of variable and the corresponding name given in Baade & Swope (1961) . Stars exhibiting the Blazhko effect are also marked. The catalog of all variables, as well as their BV I photometry and V finding charts, is available electronically via anonymous ftp 2 and the World Wide Web 3 . The complete set of the CCD frames is available upon request.
We used the multiharmonic analysis of variance technique (Schwarzenberg-Czerny 1996) to search the light curves for periodicity. Additionally, Fourier series were fit to the RR Lyrae light curves phased to the period determined earlier and parameters such as the amplitude of the variation and amplitude and phase of each harmonic were calculated. We searched for multiperiod variables by subtracting the first three harmonics of the Fourier series from the phased light curves and then repeating the period search. We then redetermined secondary periods for the 6 double mode (RRd) stars found by Nemec (1985) in the data of Baade & Swope (1961) , by searching the periodogram where the second period was expected. Baade & Swope (1961) do not find any red irregular or long period variables in their data, with the exception of BS-203, a bright blue variable with a period of ∼ 3 years. We observed all of their "special variables" except for BS-138. The only significant difference in these is that the period we find for BS-134 is 0.592 days, not 1.458 days, which agrees with Nemec (1985) who realanyzed the data of Baade & Swope (1961) . The periods we calculated for variables also found by Baade & Swope (1961) are very similar in most cases. The cases that differ are marked with an asterisk in Table 1 . As a result some stars are classified differently from Baade & Swope (1961) . BS-97, BS-121, BS-173 and BS-145 are all RRc stars and BS-190, BS-169, BS-143, BS-72, BS-11, BS-112 are RRd stars. We did not find variables BS-10, BS-31, BS-111 and BS-195 due to the proximity of highly saturated stars.
We present a histogram of the 139 RRab and RRc Lyrae in Draco, with 0.02 day bins in Figure 4 . Both components of the double-mode stars are also plotted (in black). The median period for RRab stars is 0.617 days and for RRc stars is 0.392 days, which places the Draco dSph between Oosterhoff type I (∼ 0.55 days) and type II (∼ 0.65 days) clusters, similarly to other dSph (Dall'Ora et al. 2003) . In Figure 5 we present a color magnitude diagram (CMD) of stars in Draco. Circles represent RR Lyrae, squares are anomalous Cepheids and triangles are other variables. Among these other variables is the long period blue variable BS-203, a foreground 0.24 day eclipsing binary, and a multimode SX Phe star which is pulsating in three modes, with periods 0.068, 0.073 and 0.079 days. The period-amplitude diagram for the 146 RR Lyrae in Draco is shown in Figure 6 . Circles represent RRab stars, triangles RRc stars and squares RRd stars, for which both periods are plotted.
Distance to Draco dSph
The distance to the Draco dSph galaxy has been estimated by several authors. Baade & Swope (1961) We use the short distance scale statistical parallax calibration of Gould & Popowski (1998) , which is a robust method of measuring the absolute magnitude of RR Lyrae stars. They find Draco dSph is located at Galactic coordinates l = 86
• .37, b = 34
• .72. To remove the effects of the Galactic interstellar extinction we used the reddening map of Schlegel et al. (1998) which yields E(B − V ) = 0.027 mag. This corresponds to expected values of Galactic extinction of A I = 0.053, A V = 0.091, A B = 0.118 mag, using the extinction corrections of Cardelli et al. (1989) as prescribed in Schlegel et al. (1998) .
For the distance determination we only used the RRab stars found in chips 3 and 4, which are normalized to the photometry of Stetson (2000) . There are 94 such stars in our data. The remaining RRab stars from chip 1 and 2 are not included in this list. We fit a Gaussian to a histogram of these 94 stars, using 0. The systematic errors are 0.06 mag in A V , 0.03 mag in photometry, 0.13 mag in the calibration method and 0.04 mag in metallicity. The error in the reddening from Schlegel et al. (1998) is 0.02 mag, which corresponds to 0.06 mag in A V , and the error in metallicity is calculated from a conservative error of 0.1 in the slope of the luminosity-metallicity relation times 0.4 dex, the metallicity difference. Adding the systematic errors in quadrature gives a conservative total estimate of 0.15 mag, which is dominated by the calibration error. We consider the effects of internal extinction to be negligible from a comparison of the spread in magnitudes of RRab stars in different filters. Similarly to Figure 7 for V with σ = 0.08, the spread in magnitudes of RRab stars in B and I are σ = 0.10 and 0.12, respectively. Thus we find no evidence for internal dust in the Draco dSph galaxy.
The statistical error is 0.02 mag, which leads to a true distance modulus of (m − M) 0 = 19.40±0.02 (stat)±0.15 (syst) mag, corresponding to a distance of 75.8±0.7 (stat)±5.4 (syst) kpc.
Conclusions
We have presented the results of the first CCD variability study in the Draco dSph galaxy since Baade & Swope (1961) . Our search produced 163 variable stars, 146 of which are RR Lyrae, 4 are anomalous Cepheids, 1 is a field eclipsing binary, 1 a SX Phe star and 11 are other types of variables. We have used the short distance scale statistical parallax calibration of Gould & Popowski (1998) for 94 RRab in our field and obtained a distance modulus of (m − M) 0 = 19.40 ± 0.02 (stat) ± 0.15 (syst) mag. By comparing the spread in magnitudes of RRab stars in different filters, we find no evidence for internal dust in the Draco dSph galaxy.
The catalog of all variables, as well as their photometry and finding charts, is available electronically via anonymous ftp and the World Wide Web. The complete set of the CCD frames is available upon request.
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